Inflammation is a response of the immune system to foreign insult or physical damage. Various cellular and humoral components of the immune system are recruited from the vascular system and are translocated through endothelium, and into extracellular matrix (ECM) compartments of inflamed tissues. This translocation is orchestrated by various types of accessory signals, in the form of soluble or complexed molecules, which evoke remarkable transitions in leukocyte activities. Recruited inflammatory cells give rise to mechanisms of migration, including the secretion of enzymes and other pro-inflammatory mediators and the alteration of their adhesive contacts with the ECM. Hence, migrating cells secrete enzymes, chemokines, and cytokines which interact with the ECM, and thereby, provide the cells with intrinsic signals for coordinating their responses. Resultant products of enzymatic modifications to the ECM microenvironment, such as cytokine-and ECM-derived molecules, may be also part of a cell-signaling mechanism that provides leukocytes with information about the nature of their inflammatory activity; such a mechanism may give the immune system data that can be cognitively interpreted for consequential activities. This article reviews the findings that support this notion and describe the dynamic interactions between participants of the inflammatory processes.
INTRODUCTION
Inflammation is a highly coordinated, localized immune response to injury or a foreign particle introduced into the body. Most forms of inflammation are amplified, accelerated and propagated by the recruitment of humoral and cellular components of the immune system, especially the site-specific accumulation and subsequent activation of leukocytes. Circulating leukocytes are "patrolling" mobile units of the immune system which facilitate a rapid and efficient response to tissue insult. While naive lymphocytes normally migrate into secondary lymphoid tissues where antigens are presented to invoke differentiation, mature memory and effector lymphocytes distinctly home to certain sites in the likelihood of 228 HAGAI SCHOR et al.
encountering their specific antigen or context for effector function. During inflammation, mature lymphocytes, primarily memory T cells, extravasate through blood vessel walls, and migrate through extracellular matrix (ECM) towards sites of inflammation. These processes require coordination of a vast array of cellular and molecular mechanisms to efficiently abate injury, resolve inflammation, and sustain homeostasis (Springer, 1994; Butcher and Picker, 1996; Adams and Shaw, 1994) .
The ECM, which is made of a tissue-specific variable mixtures of different types of proteoglycans, glycoproteins, and glycosaminoglycans, has a structural and mechanical role in supporting and circumscribing tissue compartments. It serves as a secondary barrier to the passage of fluids and disseminating cells into the extravascular compartment (Shimizu and Shaw, 1991) . It is becoming increasingly clear that in addition to its structural importance, the ECM provides resident or patrolling cells with immunological information by sending regulatory messages that promote cell proliferation, differentiation, activation, and migration. Thus, the ECM serves as a specialized reservoir of regulatory factors, which may include macromolecules (i.e., collagen type IV, fibronectin, laminin, heparan sulfate [HS] proteoglycans), proteases and their inhibitors, and cytokines. Changes in the composition of these factors greatly influence the outcome of the inflammatory response (Shimizu and Shaw, 1991; Nathan and Sporn, 1991) , as the inflammatory microenvironment changes dynamically from a "latent" form to a modified, "activated" form thereby promoting inflammatory cell responses. This transition provides particular subtypes of leukocytes with contextual information to signal and foster the appropriate cellular responses, including cell activation, adhesion, and migration (Gilat et al, 1996) . Activated leukocytes and other cells that constitute the dynamic microenvironment are also capable of affecting their surroundings. These cells release a wide range of cytokines, chemokines, growth factors, and other inflammatory mediators, together with matrix-degrading enzymes, into the inflammatory milieu (Madri et al, 1996; Owen and Campbell, 1999 (Hynes, 1992; Shattil and Ginsberg, 1997; Clark and Brugge, 1995) .
The major transducers of signals from the extracellular milieu into lymphocytes are the l integrin family of membrane receptors, which is comprised of a common [ chain (CD29) paired with one of several c chains. The engagement of integrins with their ligands lead to tyrosine phosphorylation and integrin-cytoskeleton interactions, resulting in expression of several genes, such as pro-inflammatory cytokines and chemokines (Shimizu and Shaw, 1991) . Leukocytes and other cells migrating into the inflammatory milieu, including fibroblasts, keratinocytes, and epithelial cells, may secrete soluble mediators that bind the ECM. ECM-anchored mediators include cytokines and chemokines, such as TNF Hershkoviz et al, 1995) , IFNqt (Lortat et al, 1991; Fernandez-Botran et al, 1999) , IL-7 (Ariel et al, 1997) , IL-2 (Ariel et al, 1998) , and RANTES and MIP-1 [ (Gilat et al, 1994) , as well as the growth factors bFGF (Yayon et al, 1991; Bashkin et al, 1989) and TGF[3 (Yamaguchi et al, 1990 and laminin . TNFo binding to'fibronectin is mediated by its 30-kDa amino-terminal domain, at a site distinct from the heparin-and fibrin-binding domains . This TNFa-fibronectin association augments [31 integrin-dependent adhesion and increases cellular protein tyrosine phosphorylation of CD4 + T cells . Moreover, activated lymphocytes adhere to fibronectin-or laminin-TNFo substrates more avidly than cells exposed to soluble TNFo and immobilized fibronectin or laminin substrates Hershkoviz et al, 1994 ).
Chemokines are low molecular weight molecules which have important roles in many processes, such as hematopoiesis, tumor immunology, angiogenesis, HIV infection, and lymphocyte trafficking (Rollins, 1997; Baggiolini et al, 1997; Ben-Baruch et al, 1995) .
Chemokine interactions with cell surface-or ECM-associated glycosaminoglycans such as HS (Tanaka et al, 1993; Witt and Lander, 1994) (Lloyd et al, 1996; Carr et al, 1996) . Thus, ECM-bound chemokines and cytokines amplify the adhesion of T cells to activated endothelium and ECM (Taub et al, 1993) . Moreover, ECM-bound chemokines affect the preferential migration of neutrophils and T cells by creating haptotactic gradients of chemoattractants (Taub et al, 1993; Webb et al, 1993; Franitza et al, 1999) .
The ECM serves as a scaffold for dynamic processes, such as cell migration and locomotion, and the diffusion and binding of factors. The kinetic properties of these processes were recently analyzed using T cells migrating in a three-dimensional ECM-like gel in ['eal-time (Franitza et al, 1999) . IL-2 conditioned T cells embedded in IL-2 and RANTES gradients formed in ECM gels polarized immediately after encountering the chemoattractants. Subsequently, fractions of these cells migrated, in either a random or directional fashion, towards the chemoattractant sources, while other cells remained polarized but stationary. The number of T cells migrating directionally towards RANTES or IL-2 (which served as key representative molecules for chemokines and cytokines, respectively) peaked in concordance with the formation of chemotactic gradients. Thus, the kinetics of gradient-formation affect the migration-related activities and kinetics of migration. T cell responses to the matrix-associated chemical gradients probably involve the modulation of both the composition and the function of cytoskeletal and signal transducing elements. Such elements can include GTPases, GTPase exchange factors, p125FAK, and actin-binding proteins (Ratner et al, 1997) . IL-2R and pertussis toxin-sensitive receptors mediated the directional migration of T cells towards IL-2 and RANTES respectively. The directional and, to a lesser degree, the random locomotion of T cells induced by both chemoattractants required intact tyrosine kinase signaling (Franitza et al, 1999) . Moreover, preferential VLA-4 and VLA-5 interactions with fibronectin contributed to the directional migration of T cells, while VLA-6-1aminin and VLA-2-collagen interactions inactive at the physiological pH of 7.2 (Ratner, 1992b) , suggesting that increased migration through ECM may correlate with enhanced activity of heparanase or other degradative enzymes. Moreover, heparanase-binding to ECM may function similar to cytokines or chemokines bound to ECM, which facilitate the recruitment of cells to inflamed loci. As inflammatory stimuli arise and the physical condition of the surroundings change, heparanase exerts its enzymatic activity.
Supporting this notion was the recent findings which delineated the enzymatic potential of connective tissue-activating peptide-III (CTAP-III) (Hoogewerf et al, 1995; Rechter et al, 1999) . CTAP-III is a member of the C-X-C chemokine subfamily (Lida, 1996) . CTAP-III has been shown to have various activities, such as induction of plasminogen activator activity ) and stimulation of histamine release from basophils (Baeza et al, 1990 ). CTAP-III has also been detected in wound fluid (Matsuoka and Grotendorst, 1989) and the sera of rheumatoid arthritis patients (Castor et al, 1993) , therefore CTAP-III may serve as mediator of inflammation. In addition to these characteristics, CTAP-III derived from platelets (Hoogewerf et al, 1995) , as well as T cells and neutrophils (Rechter et al, 1999) , exhibits heparanase activity at slightly acidic pH conditions, similar to the lower-pH-dependency for placental heparanase activity and arrested the progression of adjuvant arthritis in rats (Kramer et al, 1994) and activation of peripheral blood T lymphocytes both in vivo and in vitro (Nykjaer et al, 1996) . In addition, PMA stimulated HUT 78 lymphoid cells secrete a modulator that induces uPA activity (Osada et al, 1996) . T cells, derived from an HIV-positive donor, express high levels of uPAR. Yet, healthy donor T cell-expression is amplified by in vitro stimulation with phorbol ester, mitogens, cytokines (IL-2, IL-4, IL-7) and upon co-clustering of the TCR complex and integrins via treatment with specific antibodies (Bianchi et al, 1996) . Subsequently, plasminogen activation by these cells augments their invasion in an ECM gel (Nykjaer et al, 1994 (Owen and Campbell, 1999; Goetzl et al, 1966; Woessner, 1991) . The MMP family of enzymes shares a common structural domain and can collectively cleave every ECM substrate (Woessner, 1991 , and have been detected as soluble inhibitors in the body fluid (TIMP-land TIMP-2), or anchored to the ECM (TIMP-3). The high abundance of TIMPs in both body fluids and ECM environment emphasizes the necessity to modulate MMPs activity. In addition, MMP expression and secretion is tightly regulated at the level of gene transcription (Mauviel, 1993) . MMPs involvement has been implicated in normal tissue remodeling during development, menstruation, wound repair following tissue injury, as well as in pathological states, such as metastatic cancer, multiple sclerosis, rheumatoid arthritis, and periodontal disease Woessner, 1991; Owen and Campbell, 1999) . In general, MMPs are synthesized de novo and are rapidly secreted by migrating leukocytes after stimulation with specific pro-inflammatory inducers, such as IL-1, TNF(x, PDGF, and prostaglandin E2 (Mauviel, 1993; Johnatty et al, 1997; . In addition, chemokines, such as RANTES, MIP-lo and MIP-I induce the expression of MMP-9 (Johnatty et al, 1997). T cell activation by IL-2 greatly augments MMP-9 and MMP-2 expression, the predominant MMPs of T cells, and thereby, migration across gels of basement membrane . In contrast, interferon-y, progesterone, and corticosteroids are among the inflammatory mediators which may suppress MMP synthesis (Woessner, 1991; Johnatty et (Romanic and Madri, 1994) , and cell-matrix interactions via 131 integrins control MMP-dependent migration through basement membrane (Xia et la, 1996) . Therefore, MMPs expression is regulated by several mechanisms that modulate their activity during cell extravasation from the blood and migration through inflamed tissues.
MMP interactions with and disruption of ECM proteins may result in the release of growth factors and inflammatory mediators bound and sequestered in the context of migration through matrix (Imai et al, 1997) . The same cytokines that can induce metalloproteinase production may also be substrates for cleavage by MMPs. For example, MMPs are capable of processing and inactivating the proinflammatory cytokine IL-I (Ito et al, 1996) (Bieth, 1986) . Elastase has been shown to be important in several biological process, such as induction of cytokine secretion (Bedard et al, 1993) , cell activation (Renesto and Ghignard, 1993) , and degradation of clotting factors (Taylor et al, 1977) . Moreover, elastase can degrade and release surface molecules, such as CD2, CD4, and CD8, from T cell surface and therefore, affect their physiology in inflammatory diseases (Doring et al 1995) . Binding of elastase to neutrophils and monocytes can regulate the avidity and pro-adhesiveness of the integrin MAC-1 (CDllb/CD18) (Cai and Wright 1996) .
Elastase is a potent enzyme that possesses immense proteolytic and destructive potential. It is stored in its active form within leukocyte granules (Gallin, 1984) . Therefore, there is a necessity to restrict and tightly regulate elastase activity. Indeed, this necessity is fulfilled by natural inhibitors of serine proteinases, termed serpins, which actually comprise about 10% of total plasma proteins. Upon cellular activation by TNFc and IL-8, HLE is translocated to the plasma membrane. This mechanism ensures a focused localization of the enzymes' biological activities within specific proximity (Owen et al, 1997) . Both soluble and membrane-bound forms of elastase are synthesized by T cells (Bristow et al, 1991) . HLE is predominantly synthesized by neutrophils, yet, T cell elastase, in moderate levels, can make contributions in modifying cell-matrix interactions, ECM moieties, and cytokine activities as needed during inflammatory episodes. Moreover, the release of elastase from T cells in moderation may actually be a mode of preventing dysregulated proteolysis.
In addition its ECM degrading activity, elastase may be involve in the cleavage of inflammatory cytokines and their receptors (Porteu et al, 1991) , and therefore modify their action. The elastase-mediated cytokine-modification may enhance cytokine activity, as was shown for IL-8 and IL-1 (Black et al, 1991; Padrines et al, 1994) , or may inactivate it (Scuderi et al, 1991) . A recent study in our laboratory suggested that elastase cleaves IL-2, a pro-inflammatory cytokine and chemoattractant, to produce peptides with a regulatory functions. These IL-2 peptides have been shown to inhibit T-cell migration through FN-coated (Lukashev and Werb, 1998 (Clark, 1996; Guadiz et al, 1997 (Nakagawa et al, 1999) , and fibrin (Gray et al, 1995) also exhibit regulatory roles in immune cell migration and proliferation during inflammatory processes. The notion that tissue-degrading enzymes secreted by leukocytes and other cells in the inflammatory milieu can modify immune cell functions by altering the ECM context and producing small signalling molecules further highlight the importance of matrix-degrading enzymes in inflammatory processes.
CONCLUDING REMARKS
The inflammatory microenvironment continuously and dynamically changes, enabling extravasating leukocytes to communicate with their surroundings, produce signals, and function immunologically. The ECM can be considered a physical barrier, and it has a multifactorial regulatory role in the inflammatory process. Specifically, the ECM provides cells with immunological information by sending regulatory messages that enable them to constantly adapt and fine-tune their responses and activities, in accordance with their varied surroundings (Loike et al, 1995) . Moreover, the ECM can make contact with the migrating cells in its "activated" form, which facilitates proinflammatory processes, such as cell migration and recruitment. However, activated leukocytes and other cells that constitute the dynamic microenvironment are also capabl'e of affecting their surroundings. These cells release a wide range of cytokines, chemokines, growth factors, and other inflammatory mediators, together with matrix-degrading enzymes, into the inflammatory milieu. As a consequence, immune cells are able to modulate their own environment. The modulated ECM begins to function in regulatory feedback activities upon the initial immune reaction. We propose, from the line of evidence we have discussed in this review, that immune cells have sensory mechanisms that enable them to process and cognitively interpret the input data from the modified environments, then correctly resolve the output responses. These cellular sensory systems utilize membrane receptors, including chemokine, cytokine, and adhesion receptors, which are molecules that participate in intercellular and cell-tissue interactions. The real-time sensing and processing ability of the immune system enables it to respond to a specific antigen and "cognitively" modify its activity in response to changing contextual information.
